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AIR BLAST PARAMETERS VERSUS DISTANCE FOR
HEMISPHERICAL TNT SURFACE BURSTS

ABSTRACT

This report contains a presentation of the air blast parameters,
peak overpressure, arrival time, positive duration and impulse versus
Bcaled distances. The values of the parameters are derived from
empirical measurements made oh a series of tests sponsored under The
Technical Cooperation Program (TTCP) i.e., Canade, the United Kingdom
and the United States. The measurements were mede on 5-, 20~-, 100- and
500-ton TNT surface bursts. The charges consisted of small TNT blocks
stacked in the shape of a hemisphere.
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SYMBOLS AND ABBREVIATIONS
Distance from ground zero (G7.)
Yield of weight of explosive charge in pounds

Scaled distance from ground zero (scaled to one pound at sea level)
or D/wl/3

Arrival time of the blast wave at D
Scaled time of arrival

Positive peak overpressure

Scaled positive peak overpressures
Positive duration

Scaled positive duration

Positive impulse

Bcaled positive impulse

Atmospheric pressure et sea level (14.7 psi)
Ambient atmospheric pressure at test site
Temperature at sea level (15 C)

Ambient temperature at test site

Sound veloeity at sea level (1116.4 ft/sec)
Velocity of shock front
Retlo of specific heats
Mach Number U/c0 i

Experimental

Computed




SYMBOLS AND ABBREVIATIONS (Contd)

The curves and tebulations presented in this report are scaled to
standard seg level atmospheric conditions for the yield of a one-pound

TNT hemispherical charge fired on the surface. To use the curves or

tabulations for predicting the blast parameters under nther atmospheric
conditions and charge weights the following scaling factors should be
used. That is, multiply the values presented in this report by the

scaling factors obtained from the following equaticns:

Pressure scaling factor

P
54 = (w)1/3 (-1;-‘?-)3'/3 Distance scaling factor
8
- (W)l/3 (Po)lfj (T 258273)1/2 . Time scaling factor
P -
0

Ta + 273 Impulse scaling factor

Where W in the above equations
blast parameters are being predlcted.

is the charge weight for which the




INTRODUCTION

This report is a compilation of experimental data measured on a
series of TNT detcnations. The resulls have been caretully analyzed and
presented in a useful form for the engineer or experimenter. The
objective of this report is to present the experimental determinations
of certain blast parameters. These parameters vere measured from
records obtained from the surface detonations of TNT hemispheres ranging
from 5 to 500 tons. They have been reduced to & yield of one pound of
TNT detonated at standard sea level conditions., The scaled values are
tabulated and presented in the form of blast parameter versus distance.
This report is a follow-on to an earlier reportl“ containing tabulations
and a curve of peak overpressure versus distance.

BACKGROUND

The Ballistic Research Laboratories (BRL) aave participated with
the Suffield Experimental Station (SES), a facility of the Canadian
Defense Research Board, in a series of multi-ton TNT experiments
starting in 1959. In these experiments the BRL, in addition to conducting
various effects and target response projects have always instrumented a
blast line to measure the pressure-time history of the blast wave at
selected radiul dlstances from ground zero. BRL participated in g 5=
ton test in 1959, a 20-ton test in 1960, & 100-ton test in 1961 and a
500-ton test in 1964, On the last three tests, the U.S. participation
was urder the sponsorship of the Defense Atomic Support Agency (DASA)
and the guidance of The Technical Cooperastion Program (TTCP). Under the
TTCP the United Kingdom, Canada and the United States all participated
in a coordinated program.

The experimental test aree at SES covers approximately one
thousand square miles of undulating prailrie. The earth medium at the
test site 1s a glaclally deposited silt with underlying clay, sand, end
gravel., The general terrain is quite level and ideally suited for
multi«ton surface dbursts.

Supersoript numbers denote references which may be found on page 62,
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an worn gonctructad in a hemianherieanl eonfiegnration with
the flat side resting on the surface. They consisted of 12 x 12 x Y inch
blocks of cast TNT (density 1.56 gm/ce); each block weighed 32.0 1bs

+ 0.063 1bs. A photograph of the 500-ton charge is shown in Figure 1.

A description of the first three tests and source references are

presented in Reference 1.

The 500-ton shot "Operation SNOW BALL" is described in a two-volume

preliminary report..2 and a two-volume report on symposium precedings.3

PROCEDURE

The datse from all four tests were first processed to obtain the
"ag read" values of peek overpressure, arrival time, positive duration
and positive impulse. The cube root scaling and altitude corrections
were applied to these values to bring them to standard seg~level
conditions and the equivalent of & one-pound charge. The scaled values
were then used to determine the curves presented in this report. The .
method used to determine the "best fit" curve is described for each b

!

paranmeter. g
b

!

Arrival Time

The errivel time of the blast wave is defined as that interval of
time between the initiation of the detonator caps and the arrival of the L
blast wave at a specific distance. Therefore, the arrivel time includes
the detonation time. Arrival time may be measured by several methods,

One method is the use of high speed cameres to photograph the fire

e T e S

ball and the shock front as it propagates radially from the surface of

the charge. The almost discontinuocus change in pressure, density and ;
temperature at the shock front causes a gimilar change in the refractive ) é
index of air. Therefore when a black and white striped backdrop is .
viewed through the region immediately behind the shock front, the rays

of 1ight are deflected and a distortion or digcontinuity in the backdrop
pattern is apparent. The passage of the shock wave, as revealed by the
propagation of the discontinulties can be photogrephed. Each frame of

10
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FIGURE 1 500-TON TNT HEMISPHERICAL CHARGE
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the film records the new nocitisn

r.]
A

Q

Vuec suock 1ront and a large number
of small time intervals are recorded; thus we are provided with an
accurate radius-time history of the shock front. A varistion of the
backdrop technique is to photograph the deflection of tralls of smcke '
rockets fired Just prior to the detonation. The deflection caused by
the passage of the shock can be recorded and thereby the radius of the
shock front can be established from the high speed motion pictures.

A second method used dﬁring the series of tests was a direct
measurement using blast switches which produced signals when struck by
the shock front. The switches were placed at selected radial distances
" and when struck each gage provided an electrical signal which was
recorded as & function of time.

Overpressure gauges also measured the arrival time of the blast
wave and were used to supplement other methods. This should be
considered a variation of the blast switch technique rather than a new
method.

A third method involves the use of coaxial cable (slifer ceble)
which shorts out when exposed to high overpressures. To measure blast
wave arrivel times the cable 1s laid along the surface of the ground
from the detonation point out to a point where the predicted overpressure
is less than the pressure required to crush the cahle. A Colpitts
cscillator is connected to the cable; as the blast wave progresses along
the cable, the cable collapses, thus changing the circuit inductance
(and frequency) continuoﬁ'sly. By proper calibration of the system the
oscillator frequency as a function of inductance (cable length) will
be known, thus the location of the crushing force cen be determined at
any point slong the cable. See Reference 5 for a detailed description
and results obtained on Operation SNOW BALL.

12




Velocity
The velocity of the shock front (U) associated with a blast wave is
not recorded ag a direct measurement but must be calculated from the

arrival time versus distance data.

-,

us A (1)
as

The primary reason for measuring arrival time is to gather data
necessary to determine the velocity of the shock front at selected
distances. Determining the shock front velocity enables one to derive

the peak overpressure from the Rankine-Hugoniot rela.tionship:7
AP
=2 a () (2 (2.0) (2)
P c ‘‘C
o o o

A detailed treatment of the methods and problems assocliated with
determining peak overpressure from measurements of arrivel time is
presented in Reference k,

Peak Overpressure
The determination of peak overpressures measured on the 5-, 20~

and lob-ton tests is discussed in Reference 1. The overpressure-
distance curve from that report was modified to include close-in higher

overpressure values and is presented in this report to provide a complete

presentation of the avallable measured paramaters. The peak overpressures .

were cbtained from direct measurements provided by pressure sensitive
transducers and the arrival time-velocity calculations using the
Rankine-Hugoniot relationship. Better close-in arrival time data and
overpressure measurcments were obtained on the 500-ton test than on
the previous shots; therefore, the peak overpressure versus distance
curve is updated.to include the results from the 500-ton test.

" 13
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Positive Duration

Fositive quration is deifined as that interval of Lime belween ihe
arrival of the positive pressure pulse associated with the blast wave
and the end of the positive pressure pulse, or a return to the ambient
pressure conditions. The positive durations presented in this report
were obtained from recordings of the pressure-time history of the blast
wave using pressure sensitive transducers with time-calibrated recording

systems.

Positive duration is very difficult to measure with consistency
and repeatabllity. The memsured records values are very susceptible to
gage hysteresis, base line drift, and fluctuationsqdue to acceleration-
sensitive gages. Where there was some discrepancy in individual
messurements, the deta from the pressure-time record was plotted on
seml-log graph paper and extrapolated to zero overpressure. Plotting
the pressure on the linear scale and the time on the log scale tends to

glve a straight line graph and a better interpolated value for duration.

Positive Impulse
The positive impulse of the blast wave is the integrated area under

the pressure~time curve and 1g ilmportent in releting target damage to
yleld and overpressure. Since the impulse is an integrated ares and
expressed in psi-msec, the computed value 1s a function of the over-
pressure, the positive duration and the rate of decay behind the shock
front. When & record of deflection (where deflection is & function of
pressure) versus time is analyzed end progremmed in the computer to
obtain pressure versus time, the compuxér is also programmed to integrate
the date and tembulate lmpulse. The impﬂlse values as read from the indi-
vidual records were scaled tc a 1 pound TNT charge at standard sea level
conditiens,

PRESENTATION OF DATA

Comments are made on the results of eacli shot and the data are pre-
sented in the form of curves and tabulations. The report presents only

scaled values of the variocus parameters.

14
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Initially twelve curves were drawn. These were scaled positive
duration, scaled positive impulse, and scaled arrival time. Each param-
eter was plotted as a function of scaled distance from ground zero for
each of the four detonations. This separation of the tests was carried
out to allasw the detection of any trends related to yleld and to test
the scaling methods.

Certain trends were evident when direct comparisoﬁs were made between

the scaled values from the different ylelds. These trends will be dis-
cussed as the various parameters are presented. The curves established
for each yield were drawn by visual inspection of the data points.
Because of the meny inflections in the positive dQuration and positive
impulse curves, no least squares flts were attempted. In the case of
the srrival time curve, the data were in such excellent agreement that
8 least-squares fit was used only for the close=in valuee,

Method of Analysis
Because of the large emount of scatter in the positive duration

and positive impulse data, it was necessary to perform a thorough review
of all pressure records in order to eliminate faulty data.

Several methods were used to diatinguisﬁ between "good" end "bad"
recorde. All recordes exhibiting excessive noise or osclllations were
disregarded. 8Slow rise times, hysteresls and non-uniformity of recording
running speed were the most common causes of defective records. As a
final check the peak overpressure of each record was compared to the
stendard pressure-distance curve ﬁiesented in Reference 1., In this
menner it was possible to sift out "bed" records caused by faulty trans-
ducers or calibration techniques. This review eliminated approximately
20 percent of the records, The date thus retained were reasonable and

consistent.

,

Because of the limited number of points and the inflections along
the positive duration and positive impulse curve, it appeared impractical
to use any of the standard least-squares fitting techniques to derive an

15
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deocribing tne duration or impulse as a function of distance.

Therefore, these curves were drawn to best represent the data by
visual ingpection.

After establishing a hand drawn curve there was gtill a require-
ment to know hcv well the curve represented the data, that is, the

distance and number of points above and below the curve or & determina~

tion of the relative error. To answer these questions a system of data

analysis was devised which provides a clear picture of the dependsbility

of the curves. This method was also applied to the arrival time data

even though the curve had no inflections.

Following are the definitions of the important quantities which
apply to all three curves:

¢ Relative Error: A relative error is assigned to e¢ach
experimental point. Relative error is defined by the
following equation:

R.E. = Y-Yo

Yo (3)
where Y is the ordinate of the point and Yo is the
ordinate of the standard or established curve at the

the same scaled distance from ground zerc. Relative
error is denoted by the symbol R.E.

® Average Relative Error: An aversge relative error is
asslgned to the data points used to determine each
curve, It is defined as the sum of the relative errors
(with signs included) of all the points , divided by
the number of points used to determine the particular
curve. This provides a quantative indication of how
close the curve comes to the "middle" of the points.
Average relative error 1a denoted by the letters A.R.E.

o Average Absclute Relative Error: Each curve 1ls sssigned
an average absclute relative error for the points wsed
in its determination. The average absclute relative
error is defined as the average of the absolute values
of the relative errors. This quantity indicates the
amount of scatter of the points about the curve.

Average sbsolute relative error is denoted by the
letters A.A.R.E.

16
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® Average Positive Relative Error: The average positive
relative error is defined as the average relative error
of all peints above the curve and 1s denoted by the
letters A.P.R.E.

® Average Negative Relative Error: The average negative
relative error is defined as the average relative errvor
of all points below the curve end is denoted by the
letters A.N.R.E.

e Number Positive Points: The number of pointe above
the constructed curve is ebbreviated as N.P.P.

e Number Negative Points: The number of polnts below
the constructed curve is abbreviated as N.N.P.

TABULATIONS AND CURVES

In this section the scaled data points for each shot are tabulated
and & curve representing those polnts is presented for each parameter
being considered. A composite curve has been developed and is presented
along with & tabuletion of the reletive errors of the points used to
determine the curve.

Positive Duration Curves

The development of the positive duration curve beglna with a
tabulation of scaled data points of the posltive duration recorded on
the 5-, 20-, 100~ and 500-ton TNT detonatlons. The date points were
taken from selected pressure~time records which met the established
eriterion for "good" records. Tables I through IV include the scaled
positive duration versus scaled distance from ground zero for the 5=,
20=, 100~ and 500-ton TNT detonations respectively. Curves representing
the tabulations are presented in Figures 2 through 5.

The.scaled values of positive duration for the S5-ton and 20-ton shot
are presented in Tables I and II. Figures 2 and 3 are curves drewn from
visual inspection of the data contained in those tables. A comparison
between the two curves show a similar shape, but the curve for the 20-
ton shot is consistently lower out to about 8A. No explanation to account
for this difference is offered at this time.

17
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TABLE I

SCALED POSITIVE DURATION AND DTRMANCE VALULNC POR
A 5-TON TNT DETONATION

[Pl

A t+5 A t+s
F/LB5Y ° | MsEc/Les 9| | Fr/iest/3  |wsec/imst/3
1.49 34 7.46 2,44
1.72 "y 74646 2,44
2.26 1.2 9.49 2.11
2.26 1.26 ?0-3‘! 30‘73
3,16 1.81 35,62 4450
3.16 2.03 62,49 4,28
3.16 2.14 42,49 4,28
4.75 1.62 42,49 4.36
4.75 1.71 81.36 5.19
4,75 1.81 8l.36 5,19
4,75 1.81 81.36 5,42
4,75 1.99 8l.36 5442
6.01 1.85 153.70 5e64
6.01 1.94 153.70 6032
T.46 2.26 316.40 8.15
Tehé 2+358 316.40 6o 32 J
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SCALED POSITIVE DURATION AND DISTANCE VALUES FOR

ARLE

I

A 20~L'ON U'NIT DMTONATION

A ty, A t
rr/test’ > | wsEc/ies/ > || Fr/usst/ |Msmc/rest/S
1.14 19 8.28 2,33
114 .20 8.28 2.51
1.28 16 8.28 2.58
1.28 .23 11.71 2.76
2.34 1.03 11.71 2.83
2.34 1.27 11.71 2.99
3.11 1.13 11.71 3,03
3,11 1.25 11.71 3,04
3.11 1.33 17.56 3.17
3.11 1.56 17.56 3,26
3,11 1.62 17.56 3,24
4,20 1.25 17.56 3,28
4,20 1.27 17.56 3.35
4,20 1.29 17.56 3,41
4,20 1.32 17.56 3.42
4,20 1.64 35,13 9,09
4.20 1.88 35.13 4,16
4.20 1.91 58.55 4420
5,77 1.51 58,55 4,55
5.77 1.58 35,13 4,170
5,77 1.60 199.90 6402
5.77 1.62 199.90 6.76
5.77 1.72 428.40 7.60
5.77 1.94 428,40 8.05
8.28 2,24 428.40 8,34
8.28 2,27 428,49 8.43
8.28 2.32
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TABLE ITT

SCALLD POSITIVE DURATION AND DISTANCE VALUES FOR

A 100-TON TNT DETONATION

A t+5 A t+s
Fr/2s* /3| wsec/1pgt/ 3 Fr/1est’3  |msgc/rpsl/3

3,40 1.30 7.39 2.10
4,36 1.74 7.76 1.86
4.66 2.00 8.76 2.26
4.99 1.69 9.51 2.51
5.02 1.64 14,07 3.03
5.02 1.67 17.02 3,15
5.57 2.10 46.73 4.30
6.11 1.87 “6.73 4.33
6.84 2.09 116.80 5.74
6.89 1.74 116.80 5.81
6.89 1.81 166.90 5.71
6.89 2.04 166,90 5.83
7.39 2.04 250.40 6.09
7.39 2,09
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TABLE IV

SCALED POSITIVE DURATION AND DISTANCE VALUES FOR
A 500-TON TNT DETONATICN

R T T

A t"0-5 A t*l's
pr/usst/ 3| msec/test/3 || pr/iest’/3 | msec/Lest/3 \ o
49 .19 5.55 1.56 %
.79 .18 6.13 1.26 %
1.71 .29 6.72 2.01 ¢
2.97 1.33 7.80 1.76
2.97 1.56 7.80 2.11
3.46 1.31 7.80 2.31
4,14 1.23 9,35 2.23
3.46 1.36 9,35 2.31
4.53 1.36 14.10 2.76
5,55 1.27 99.00 5,22
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The scaled values of positive duration presented in Table III for
the 100-ton shot are plotted in Figure 4. This curve was drawn to best
fit the data and algo follaws the trend establiched from the 5= aud 20- K
ton shots. The overall curve is lower than the 5-ton curve except for 4
the dip at 5A, where the two curves coincide over a short ground range. 7
The general shape of the 20- and 100-ton curves is similar but ro definite ;
trend can be established, other than to say fhat the 100-ton values are
slightly léwer at distances greater than TA.

The scaled values of positive duration listed in Table IV for the ;
500-ton shot have been plotted in Figure 5. The curve drawn through the f
points follow tﬁe trend elready established from the lower yleld shots.
With the exception of one point, the 100-ton curve is higher at A's less
than 8., At distances greater than 8\ the 100-ton and 500-ton curves
coineide. The 500-ton and 20-ton curve show good agreement in general
shape but the 20-ton curve is slightly higher at distances greater than
L); whereas, the 5-ton curve is higher than the 500-ton curve over the

full range of scaled distances presented. i

In Figure 6 = composite curve has been drawn to best represent all
data points., As noted above the scaled positive durstion appears to be
yield dependent and it is suggested that for yields of 10 tons or less
that the scaled 5-ton curve be used. For ylelds greater than 10 tons
the composite curve will probably best represent predicted durations. :

All dats points listed in Tables I through IV are presented fn
Table V as well as the values of positive duration obtained at similar
A's from the composite curve. The difference between the experiment.al
values of positive duration and those obtained from the composite curve
are also tabulated. From this difference, a relative error, is cal-
culated which gives an indication of how well each point fits the curve

and its location above or below the curve (i.e., positive or negative).
The analysis of the data and the constructed curve produced the values
listed below.

Number of Positive Points 66

Number of Negative Points 68

Total Number of Points 134
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«487

789
lnl42
lelé42
1.285
1.285
l1.492
l1.71¢C
l.718
24260
2260
24342
24342
2.970
2.970
3.113
3.113
3.113
3.113
3.113
3.164
3.164
3.164
3.405
3.460
3.460
4.140
4.198
4.198
4.198
4.198
4.198
4,198
4.198
4,356
4.530
4.657
4,746
4.746
4.T46
4.746
4746

RELATIVE ERROR DETERMINATIONS FOR

« 1900

+« 1760

«1998

« 1851

02262

- 1586

«3386

<2840

4424
1.2640
1.2410
1.0340
1.2660
1.5600
1.3300
1.6200
1.2510
1.1280
1.331¢C
1.5630
1.8060
2.0310
241400
1.3050
1.3100
1.2600
1.2300
1.9100
1.8800
1.2720
1.2480
1.6390
1.2950
1.3160
1.7400
1.3600
2.0010
1.8100
1.7150
1.9900
1.6250
1.8060

TABLE V

POSITIVE DURATION

+s

1911
17CH
« 1976
+1976
«22€7
«22¢€7
«2B854
+«3BC5
«3849
«9595
«9595
1.0886
1.0886
1.6495
1.6465
1.6781
1.6781
1.6781
1.6781
1.6781
1.6862
1.6862
1.6862
1.7000
1.7000
1.7000
1.6016
1.5981
1.5981
1.5981
1.5981
1.5981
1.5981
1.5981
1.5886
1.5794
1.5769
1.5751
1.5751
L5751
1.5751
1.5751
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DIFF,

«001
«C06
«002
012
«000
«068
053
«094
«05¢4
«305
«282
+055
a177
.089
«319
«058
o427
+550
347
el15
«120
» 345
«454
«395
«390
340
«372
312
«282
326
«350
s041
«303
«282
«151
219
h24
«235
» 140
o415
+050
0231

R. E,

‘0005652
«035294
011338

-.063069

~-.002206

~+300397
186229

“a248357
«149389
«317353
«293382

-.050200
+ 162908

-.054259

~.193695

~.034611
=-.254505

-.327803

-.,206832

-.V68578
0171022
1204455
+ 269096

~«232353

~e229412
~+200000

-.232018
«195154
«176382

-.204065

-219082
«025580

=+18967)

~.176532
095276

-+138914

«268978
+149148
«088834
+263428
031694
«146608




~

TABLE V Contd)

RELATIVE ERROR DETERMINATIONS FOR !

TN A, ey s mm e

FwvolLllive DURALLUN

e c
A A%t 8%, DIFF.  R. E.

4.990 1.6880 1.5702 -.118 «075022

5.024 1.6700 1.5719 .098 «062395

5.024 1.6360 1.5719 <064 040765

54550 1.5600 1.6190 ~ 059 ~+016442

54550 l1.2700 1.6190 - ¢349 ~.215565

5574 2.1050 1.6233 682 296725

5769 1.6160 1.6584 - o042 -.025579 ;

5769 17210 1.6584 063 «037735 :

S5.769 1.9420 1.6584 2284 «170994

54769 1.5100 1.6584 - «148 =+089495

5.769 1.5770 1.6584 - «081 -.049095

6.012 l.9410 1.7031 «238 139673

6.012 1.8510 1.7031 «148 «086829

6.109 1.8700 1.7283 <142 «081963

6130 1.2600 17338 = <474 -.273273

6,720 2.0100 1.9092 101 052797

6.843 2.0880 1.9535 135 068862

6,893 1.7400 1.9715 - 231 -sllT4l4

6.893 2.0360 1.9715 «065 «032727

6.893 1.8100 1.9715 - <161 -.081908

1.394 2.0360 2.1282 - 092 -.043323

7394 2.0880 2.1282 = 040 -.018889

T.394 2.1050 2.1282 - +023 -+010901%

7.459 202600 2.1477 ell12 «052288

T«459 2.4380 2.1477 «290 oL35168

7.459 2.3470 241477 «199 «092797

7.459 2.,4380 2.16477 «290 135168

T.761 1.8630 22279 = 365 =-.163772

7.800 1.7600 2.2380 - «478 -.213584

1.800 2.3100 2.2380 «072 «032172

7.800 21100 2.2380 - <128 =+057194

8.282 2.5120 243464 «166 +070576

8.282 2.1890 2.3464 - <157 -.067081
¢ 8,282 2.5850 203464 239 «101688

8.282 2.3210 2.3464 - +025 -.010825

8.282 2.2440 2. 3464 - .102 ~.043641

8.762 2.2620 2.4372 - «l75 -.071871

9.350 2.2300 25360 - #3306 -.120662




.

A

9.493

9.513
11.710
l11.710
11.710
1t.710
11.716
14.070
14.100
17.020
17.560
17560
17.560
17.560
17.56C
17.560
17.560
204340
35.13C
35.130
35.130
35,620
42,490
42.490
42,490

TABLE V (Contd)

RELATIVE ERROR DETERMINATIONS FOR
PORITIVE DURATION

-] c

A t+s A t+s DIFF,.
2.7080 2.5589 149
2.5110 2.5616 - +051
3.02%0 2.8010 228
3.0370 2.8010 236
2.70’.0 2-8010 - 00‘00
2.43320 2.801¢C 031
249900 2.8019 . 189
3.0260 3.0156 2010
2.7600 3.0180 = 258
3.1490 3.2316 - 083
302600 3.2748 - «015
3.4080 3.2748 «132
3.2370 3.2748 - 038
3.2810 3.2748 «CO6
3.3460 3.2748 071
301750 3-2748 - -LOO
3.4220 3,2748 147
3.9270 3.4370 «490
4.,0890 4.0852 «004
4.1630 4.0852 078
4.7000 %.0852 eb6l5
4.,5010 4.1048 +396
44,3560 4.3197 «036
4.2790 %3197 ~ «041
4.2840 4.3197 - <036
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R. E.

058275
—l019738
081400
084256
'0014281
011067
067476
«J303449
-+085487
--025560
-.004519
«040674
-.011543
001893
2021742
-00304'5
«044949
« 142566
«0009130
019044
« 150494
096521
«Q08408
~+009417
-.008260

i




A

46,730
46,730
58,550
584550
81.%60
81.360
81.360
B1.360
99,000
1164800
116.800
153,700
153.700
166,900
166,900
199.900
199.900
250,400
316,400
116.400
428,400
4284400
428,400
428,400
428.400

>
113

>
o
]

DIFF,

RI E.

TABLE V {Contd)

RELATIVE ERROR DETERMINATIONS FOR
POSITIVE DURATION

Atyg

4.3320
4.2980
4.5530
4.2040
5.4170
5.1910
5.4170
5.1910
5.2200
5.8110
57420
56430
6.3190
5.7070
5.8290
6.0220
6.1560
640900
B.1500
6.3190
7.4050
8.3430
8.4340
8.0550
8,.,3430

o]
a t+E

4.4519
4.4519
4.T452
4.7452
5.2004
5.2004
5.2004
542004
S5.4380
5.7020
5.7020
6.0870
6.0870
6.2190
6,2190
6.4793
6,4793
6s 7924
T.1686
Te1686
T.6437
7.6437
Te 6437
T.6437
T.6437

DIFF.

.120
« 154
192
541
217
«009
0217
.009
«218
+109
2040
LT
232
o512
«390
457
277
702
«981
+850
«039
1699
«790
o4ll
«699

R. B.

~a026932
~+034570
'-0“050‘
~«114052
«041651
-.001808
041651
-,001808
‘.040088
+019116
«007015
‘0072942
«038114
-.082328
«,062711
-.070579
«042705
-,103410
«136909
~-.,118512
~+005066
-+ 091484
«103389
«053806

«091484

DURATION OF EXPERIMENTAL POINT.

DURATION AS OBTAINED FROM THE STANDARD CURVE AT THE

CORRESPONDING LAMDA.,

N
+ +8

]
DIFF,

C
a ai

3l

B

 d e

[r——
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Average Positive Relative Error 0.097
Averuge bBagablve Relabive Brror 0.05%5
Average Relative Error 0.0006
Average Absolute Relative Error 0.096

The computetions indicate that two-thirds of all points fall within
plus or minus 9.6 percent of the composite curve. It should be noted
that the fit of the datsa to the individual curves presented in Figures
2 through 4 shows a much smaller scatter than indlcated for the com-

posite curve,

Pogitive Impulse Curves

The development of the positive impulse curves followed the same
procedure es described for the poaitive duration. There were fewer
points availsble for determining positive impulse than there were for
duration because in some instances the duratidn of a pressure-time
recording was valid but the peak overpressure was not valid. Therefore,
the record could not be used to determine positive impulse. In other
instances the rate of decay of pressure behind the shock front wes not
classical, and here agaln the record was discarded because the impulse
was not considered representative of an undisturbed blast weave.

In Table VI the Bcaled distances and sceled positive impulses have
been listed for the 5-ton TNT shet. These scaled values have been
plotted in Figure 7. The curve drawn through the points shows an excel-
lent £1it with very little scatter in the scaled values of positive
impulse, The shape of the curve over this range of scaled aistances
lends itself to a least-squeres Titting technique, However, this was
riot done because of the small numbexr of points in the case of the 5-ton
analyais.

The scaled positive impulse and distance values listed in Table VII
for the 20-ton shot have been plotted in Figure 8. Here again as in
Figure 7 there is very little scatter of the points about the curve.

Out to a distance of 20A the positive impulse curve for the 20-ton shot
agrees well with the 5~ton shot, At distances greater than this, the two
curves separate and the 20-ton curve is lower than the S~ton curve.
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TABLE VI

SCALED POSITIVE IMPULSE AND DISTANCE VALUES FOR
A 5~TON TNT DETONATICE

A I8 A Is

rr/18s%/ 3 |ps1-msec/Lest/3|Fr/iest/3 | ps1-msec/Leel’3

B T .U - C P OBy NPOSTRPRP AP S

4.78 14.47 42.49 2.16
4.75 16417 42.49 2.17
T.46 10.21 42.49 2.20
T.46 11.58 81.36 1.07
3.49 9.23 81.36 l.12
20.34 495 8l.36 " le18
38.62 2+55 316.40 o34

e T st DN a? o, AT O
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TABLE VII

SCALED FOSITIVE TMPULSE AND DISTANCE VALUES FOR
A 20~TON TNT DETONATIOH

A 1 A 1
S S
rr/1es>/3 | pst-msect/3 rr/test/3 | psr-merc/rpsl/>
2.34 | 29.2¢4 11.71 6.89
3.11 | 20.06 11.71 T.14
3,11 | 20.68 11.71 74641
3.11 21.24 17.56 4.04
4,20 18.49 17.56 4.85
4,20 | 21.83 17.56 4.87
5.77 | 12.13 17.56 4.87
5.77 12.19 17.56 4.50
5.77 | 13.26 17.56 4494
5.77 | 13.81 17.56 5409
8.28 9.05 17.56 5.63%
8.28 9.05 35.13 2440
8.28 9.13 35,13 2.44
8.28 9.15 35.13 2449
8.28 9.63 58.55 1.30
8.28 | 10.36 58.55 1.35
8.28 | 10.92 199,90 L42
11.71 6.61 199,90 Y %)
11.7 b.86 428.40 »18
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Yable VIII ~ontsins & listing of the scaled distancez and impulse
values for the 100-ton shot. These values have been plotted in Figure 9
and a curve drawn to best represent the scaled data. In comparing this
curve with the 20~-ton curve it can be seen that they tend to ccincide
at distance greater than 8i and there is a maximum separation of less

than three per cent at ha.

The scaled values of distance and positive impulse for the 500-ton
shot are listed in Table IX and the same values have been plotted in
Figure 10, This report presents for the first time, impulse values at
scaled distances of less than 2A. Records were cbtained on the other
shots at distances less than 2\, but they were always considered of
very poor quality and unreliable for impulse calculations. When the
curve for positive impulse presented in Figure 10 is compared with the
100~ton curve in Figure 9 there is excellent agreement with only a slight
separation over the mid-range. Comparison of the 500-ton curve with
the 20-ton curve shews a similar trend and here again the agreement is
excellent. The comparison between the 500-ton curve and the 5-ton curve
presented in Flgure T shows the same trend ss evidenced in the positive
duration comparisons. That is, the 5-ton curve 1s higher then the 500~
ton curve. This would be expected since the impulse is & function of
positive duretion and if the duration is longer then the positive impulse
would be expected to be greater, providing the overpressures and decay
rate are similar., In Figure 1l all of the data have been plotted and a
curve drawn through them. The 1isting!of thege values along with values
resd from the curve at similer A's is presented in Table X. This table
also presents the difference between the experimental values and the
"best-fit" curve. From these differences the relative errors were cal-
culated slong with other pertinent informetion relative to how well
the curve represents the data.
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TABLE VIII

SCALED POSITIVE IMPULSE AND DISTANCE VALUES FOR

A 10C-TCON INT DETCHRATICN

A IS A Is
rr/iest/ 3| esr-msec/resl’ | Fr/1aal/3 |poz-MsEc/Last/ 3
4.36 | 18.97 7.76 9,58
4,99 | 14.72 8.76 8,70
5.02 | 13.37 9.51 8.82
5.57 | 12.01 15,07 5.84
5.57 | 15.30 17.02 4.96
5.84 | 12425 46.73 1.83
6.1l | 12.31 46,73 1.3
6.84 | 11.93 116.80 71
6.89 | 12,53 165,90 46
7.39 | 10.27 166.90 51
7.39 | 10.47 i| 250.40 .29
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SCALED POSITIVE IMPULSE AND DISTANCE VALUES FOR

TASLE IX

A 500-TON TNT DETONATION

A I A I
rr/rest/3| psr-msec/ieel’ 3| rr/ins/ 3 Ips-usEc/Last/ 3
.49 | 44.60 6.13 | 10.30
.79 | 24.00 6,72 | 11.20
1.70 | 19.30 7.80 9.01
2,97 | 27.20 7.80 | 10.00
2.97 | 28.40 7.80 | 10.50
3.46 | 21.30 9435 8.14
3.46 | 23.90 9.35 8.85
el | 14.30 14.10 5.42
453 | 15.20 37.90 2.30
5055 11030 99.00 .95
5.55 | 13.40 250,40 .29
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TABLE X

RELATIVE ERROR DETERMINATION

«487

. 789
l.71C
24342
2.970
2.97C
3.113
3.112
3.113
3.406C
3.46C
4.14C
4.198
4.198
4,356
4453C
beT46
4.746
4,990
5.024
5550
5.55C
5,574
5.574
5.769
5.769
5.769
5.769
5.841
6.1C9
6130
6.72C
6.843
6,893
T.394
T.394
T.459
Te459
Te761
7.8C0
7.800
7.80C
8.202
B.282
B.282
8.282
8.282

Iy

44,6000
24.0000
1943000
29.2400
27.2000
28.4000C
20.6800
20,0600
21.2400
23.9000
21.3000
14,3000
21.8300
18.4900
18.9700
15.2000
14.4700
16.1700
14.7200
13.3200
13,4000
11.3000
15.3000
12.0100
13,2600
12.1900
12.1300
13.8100
12.2500
12.3100
10.3000
11.2000
11.9300
12.5303
10.4700
16.2700
10.2100
11.5800¢

9.5810

9.0100
10.5000
10.0000
10,3600

9.1320

9.0520
10.9200

9.6290

<
Is

44,8000
23.6300
19.2800
25.8040
24.0800
24.0800
23.2220
23.2220
23,2220
21.3080
21.3080
17.9680
17.7476
17.7476
17.16472
16.5100
15.8520
15.8620

. 1541300

15.0376
13,7000
13.7000
13.6820
13.6520
13.2620
13.2620
13.2620
13.2620
13.1180
12,6034
12,5660
11.5460
11.3512
11.2712
10.548¢
10.5484
10.4574
10.4574
10.1129
10.0700
10.0700
10.0700

9.5680

9.5680

9.5680

9.5680

9.5680

42

FOR POSITIVE IMPULSE

DIFF.

- .200
370
«020
3,438
3.120
4.320

‘2.542

‘3.162

‘1.982
24592

-~ -008

-3.668
4.082
o742
1.823

~1.310

=-1.392
«308

- .410

~1.718

~ 2300

~244Q00

l.0648

~1e642

-~ -002

‘1.072

'1.132
+ 548

- +868

- .294

-2.266

- 4348
«579
1.259

- ,078

- 4278

- '247
1.123

- 49532

-1.060
«430

- 0070
792

- .‘36

- «516
1.352
081

R. E.

-+004464
015658
+»001037
«133158
«129568
«179402

‘0109465

~+136164

-.085350
+1.21644

-.000315

~.204141
230025
«041831
«106303

'0079346

-+087757
2019417

-.027098

-.114220

=-.021898

-.175182
+120715

~+120275

-+000151

-.080832

-.085357
«D4l1321

-.066169

~+023310

‘0180328

-.030135
«05C99¢0
«111683

-.007432

~+026393

-.023658
«107350

-.052596

~+105263
+042701

~:006951
«082776
~20645569
~+0%3930
+141304
«006375
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TABLE £ (Contd)

RELATIVE ERROR DETERMINATION FOR POSITIVE IMPULSE

8.282
B,282
Rel62
9.350
94156
9.493
9.513

11,710
11,710
11.710C
11.710
11.710
14.070
144160
17,020
17,560
17.56¢C
17.560
17.560
17.560
17,560
17,560
17,560
20.340
35,130
35,130
35,130
35,620
42,490
42,490
42,490
46,730
46,130
584550
58,550
814360
81.360
81.360
99.000

116,800

166,900

166,900

199,900

199.900

250,400

316,400

428,400

9.148C
92.0462
R.6980
8.1400C
88500
902300
B.821C
T.1360
T.4070
H.RRTQC
0eb6CT0
6680650
5.84730
544200
4e9570C
4.037¢C
449390
50890
4.8750
4.,8980
4e8660
4.8470
5.0310
4,9530
24390
243980
2.487¢C
29540
2.2050
2.1560
2.1710
1.8330
1.9270
1,3520
1.3010
1.1220
l.1800
1.073¢0
«9500
« 7052
14639
5144
24209
4336
«2918

«3399
+1R49

9.564C
9.568C
9.1142
Beb8H0
Ba5850
844563
B«44GC9
T.024¢C
7.0240
T.024C
T.0240
Te0240
5975%
59650
44,9954
448712
- 448712
4.8712
4.871e
4.8712
4.8712
4,B8712
4.08712
4e23564
2.5027
2.5027
2.5027
2,4753
240955
2,0955
2.0955
le9142
19143
1.%906
1.5306
1.1037
1.1037
1.1037
»8140
27574
5077
«5077
« 6250
«4250Q
«3221
«2526
1879

‘DIFF.

a2
522
416
465
«26Y
774
«380
o112
<383
«137
417
«159
132
s+ 545
038
«834
«GHH
+218
+004
027
- 0005
- 024

«760

+718
- 0064
- -105
- 0016

079

e1l10

«061

-C'76
- +,081

013
- .119
- 0230

018

076
- 0031

136
- 0052
- 00“4

«007
- .00‘0

»009
- 030

+087
- 0003

| SO T R RO T B |

L3

R, E.

-GY9%45497
~sGAS665
051839
«03._668
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Some of these values are presented below:

Number of Positive Points 41
Number of Negative Pcints 53
Total Number of Points gl

Average Positive Relative Error 6.076
Average Negative Relative Error -0.061
Average Relative Error -0.001k
Average Absolute Relative Error  0.067

There are 12 more values below the curve than above, and approximately
two-thirds of the points below the curve fall within 6 percent of the
curve and two-thirds of the points wmbove the curve fall within 7.6 per~
cent. Approximately two-thirds of all data points fall within plus or
minus 6.7 percent of the curve. This value indicates a better fit or
less scatter in the data when compared with the 9.6 percent figure from
the positive duration analysis,

Arrivel Time Curves

This report considers many hundreds of measurements of arrival
time at various radial distances from ground zero recorded on the series
of four shots. The values used are primarily those recorded by the
various electronic pressure transducers.

The first sat of values are presented in Table XI. These are
scaled distences and arrival time values for the S5-ton shot and they
are plotted in Figure 12, A curve has been drawn through the points and
shows very little scutter about the curve. The arrival times measured
by the pressure transducers shovw excellent agreement with arrivel times
obtalned from the photo-optical method used by the Canadians,

In Table XIT the scaled distances and arrival times for the 20-ton
shot are listed., There war tripartite participation on this shot and
the United Kingdom and Canade alsc made blast messurements. The
measurements recorded by the U.8. team show excellent agreement with
those of the other two countries, therefore only the U.S. values are

ks




TABLE XI

SCATEN ARRTVAT. TTMR AND NTSTANCR VATIRS WOR
A S5-TON TNT DETONATION

A t A t
as as
rr/tast/ 3 merc/test/ 3| | rr/iest/3 |Msze/Lest/3
1.49 .14 9,49 4.15
1.72 .18 20,34 | 13.27
2.26 .27 18,62 | 26,09
3,16 .54 42.49 | 132,05
4,75 1.17 Ale36 |  66.31
6.01 1.85 153.70 | 131.10
7,46 2.5 316.40 | 272.10
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TABLE XII

SCALED ADRIVAL TIME AND DiSTANUE VALUES KOR

A 20-TON INT DETONATION

A tas \ ta.s

rr/1e8%/ 3 wsec/1ms? /3| | pr/rasl/3 MsEc/ s/ 3
1.14 .09 8.28 3421
1.28 .12 11.71 5.76
1.57 .14 17.56 | 10.45
2,34 .31 35.13 | 25.63
3.11 «52 58, 55 46 » 6l
4.20 .90 159. 90 | 16910
5.77 1.65
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presented in Table XII. A comparison of the scaled arrival time
versus distence curve for the S-ton shot presented in Figure 12 and
the curve for the 20~ton shot presented in Figure 13 show excellent

agreement .

The scaled values of distance and arrival time for the 100-ton’
shot are listed in Table XITI and shown plotted in Figure 14, They
show excellent agreement with weasurements made by the other two
participating countries. The curve drawn through the points in
Figure 1l also shows excvellent agreement with the curve constructed for
the 20-ton values plotted in Figure 13. From the analysis of the curves
for the 5-, 20-, and 100-ton scaled arrival time values, cube-root
scaling is validated for thiz parameter. There does not seem to be any
trend evident as shown on the positive duration or positive impulse,

On the 500-ton TNT shot there were hundreds of measurements made
of the arrival time of the shock front at various radial distances
from ground zero. The arrivel times recorded by BRL along the basic
blast line will be used in this report plus some close-in measurements
made by tlie Sandia Corporation (8C) using the slifer cable technique.5
The scelr? arrival times and distances for the 500-ton shot are listed
in Table XIV for the BRIL measurements, and Table XV contains the close-
in slifer-cable data. These date are plotted in Figure 15 with a curve
drewn to indicate a best fit as determined by & visual inspection.

A composite curve, Figure 16, was constructed from the scaled values
presented in Tables XI through XV. The analysis of the scals . data
and values from the composite curve at similar scaled distances ig pre-
sented in Table XVI. The overall agreement of the scaled arrival time
data over the range of 5- to 500-tons is excellent. It can be concluded
that cube-root scaling has been validated for arrival time over this
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TARTH XITI

SCALED ARRIVAL TIME AND DISTANCE VALULS FOR

A 20U-TON TNT DETONATION

A N A N
as as
rr/uest 3 wsec/est/ 3 | vr/iest/3 | memc/imsl/3
2.34 .35 6.%9 2,34
3,40 .64 7,39 2.58
1,87 .78 7.76 2.78
4.36 1,00 8.76 3. 606
4466 1.12. 9.51 4.04
499 1.27 14,07 T.69
5,02 1.32 17.02 10.09
5-57 1.55 ‘06.73 3605‘0
5,84 175 116.80 | 99.17
6ell 1.79 166.00 | 166,40
6.84 7,34 250,40 | 217,50
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TABLE XIV

SCALED ARRIVAL TIME AND DISTANCE VALUES (BRL) FOR

4 S00-TON TRT

DETONATION

A t A t
as as
rr/test/ 3 | msec/test/3| | Fr/ies?’/3 | msec/rest/3
46 .03 4.53 1.1¢
.79 .05 4.97 1.29
1.03 .09 5.55 1.61
1.71 .19 6.72 2.213
2,44 .34 7.80 | 2.%4
2.97 .50 9.35 4.C0
31,46 .65

53
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TABLE XV

SCALED ARRIVAL TIME AND DISTANCE VALUE3 (8C) FOR
A 500-TON TNT DETONATION

4 tﬁb‘ A tas
rr/1est/3 | msmo/Lest/3 rr/1est/3  |mseo/mst/3
265 013 546 033
313 015 578 035
355 018 . 633 040
393 ,020 .681 045
408 .023 .738 050
467 025 .840 <060
492 .028 927 070
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TABLE XVI

RELATIVE ERRCR DETERMINATIONS FOR ARRIVAL TIME

«208
265
«313
+355
«393
428
w467
«A4RT
«492
e 521
+ 548
«+578
633
«681
« 738
. 789
« 840
927
1.0630
1,142
1.285
l.492
1.571
1.710
1.718
2,260
2.337
2,342
2,440
2.970
3,113
3.164
3,405
3.460
3,872
40198
4.356
4,530
4,657

et
as

«0100
«0126
«0151
<0176
«0201
» 0226
+ 0251
« 0285
» 0276
. 0301
0326
« 0352
« 0402
« 0452
« 0502
« 0546
«0603
«0703
« 0865
« 0940
« 1204
« 1354
+1586
«1910
« 1806
« 2708
« 3480
« 3055
» 3400
« 5000
« 3179
« 5417
« 6385
« 6490
« 7830
+9018
1.0000
1.1000
1.1190

ct
as

.0101
.0126
0151
.0175
.0201
.0226
« 0255
0272
« 02756
.0301
0323
. 0352
« 0400
« 0446
« 0503
+ 0551
» 0607
«0701
<0821
«0959
«1149
«1467
«1601
.1838
.1852
«2991
«3172
<3184
«3430
«4930
« 5386
«5551
« 6357
6544
«8123
0 9462
1.0110
1.0844
1.1454

FX

DIFF

«000
.000
+ 000
+000
«000
« 000
«000
.001
« 000
«000
«000
000
- 000
«001
«000
«000
«000
«»000
+ 004
»002
+ 008
»011
+001
+ 007
+ 005
«028
«031}
-013
+003
+ 007
021
«0123
«003
«»005
« 029
« 044
«011
«016
« 026

R. E.

-.003262
-.005857
-+001458
«003058
-.002027
«001152
-.015078
« 047486
~-.000897
.001083
.010867
«000114
« 004842
«014135
~-.002186
-.008859
-.007362
«002870
+053337
~.020058
«047868
~.077154
-a009183
«039173
~+025049
=-e094617
097117
~¢040425
-+.008746
«0141%89
~.038454
-+024203
» 004405
~.008252
-.036028
~+0469064
~.010841
«014384
-+.023015
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4,746
4.970
4.990
5.02%
5.550
5.574
5.769
5.841
6.012
6.109
6.720
6.843
6.89)
T+394
Te459
T.761
7.800
8.282
8.762
9.350
9.493
9.513
11.710
14.070
17.020
17.560
204340
35.130
35.620
42.490
46.730
58.£50
81.360
116,800
153,700
166.800
199.900
250,400
316.400

t3

4.0000
4.15%30
4.0370
5.7610
7.6900
10.0900
10.4%00
13.2700
25.6300
26.0900
32.0500
36.5400
46.6400
66.3100
99.1700
131.1000
144,4000
169.1000
217.5000
272.1000

‘PABLE XVI (Contd)

TTITIAT ATIMPI A IT S A T ARy im e PR
G LSLLIALO A LD DU ARRI VAL LM

ot
as

l1.1881
1.2956
1.3082
1.3210
1.5670
1.5800
1.6853
1.7241
1.8165
1.8689
2.2164
2.2927
23237
2+6343
2.6746
2.8670
28920
3.2118
3.5539
3.9750
4.0751
4.,0896
5.7680
T7.659%
10.218C
10.7040
13.0720
2346196
2640704
32.0920
35,0224
45,7820
65,4968
96.7160
129.3300
140.4400
169.9100
215.3200
2T1.7760

58

DIFF

«0l4
«006
«030
«002
0043
«030
«037
026
«035
- 3077
014
«052
«014

- +055
079

~ 083
« 048
«002
«002
«028
078

- .053
-~ +007
+031

- Jl28
- 025~
«198
010
«020

- .042
+918
«858
+813
2.494
1.770
3.960
- -810
2.180
«324

k. E.

-.011851
~.004322
~+023128
-+ 001544
« 027441
-.018963
-0022109
+014999
« 019004
-.041127
+ 006136
022829
«006171
=-.020985
« 029694
-.028964
016598
+ 000697
+ 000597
006289
«01911¢
-.012867
'o°01214

. +003982

-.012527
-,023729
015147
« 0004006
« 000782
-,001309
«025759
018741
«Ql24}6
«028373
« 0136486
028197
=: 004767
010124
«+001192




range ol yields., wome ot the pertinent values obtained from Table XVI

are listed below:

Number of Positive Points 40
Number of Negative Points 38
Total Number of Points 78

Average Positive Relatlive Error 0.C170
Average Negative Relative Error 0.0135
Average Relativé Error 0.0007
Average Absolute Reletive Error 0.0182

These values show excellent correlation in the number of positive
and negative values. The average relative errors are very near the same,
Approximately two thirds of the points fall within plus or minus 1.8 per-
cent of the composite curve, The curve shown in Figure 16 presents all
data listed in Table XVI except the last six values. For A's greaster
than 100 refer to Figure 18,

Peak Overpressure Curve
The peak overpressures measured on the 5-, 20-, and 10Q0-ton TNT

shota have been presented in Reference 1, The measurements made in the
high overpressure region on the 500-ton shot were more reliable and
showed greater conalstency then those obtained on any of the preceding
shots, The peak overpressure measuremsnts in the close-in region on the
5=, 20~-, and 100=ton shots were determined primarily from arrival time
measurements and were not higher than 3,000 psi.

On the 500=ton shet the arrlval time measurements were atarted
from the detonation polnt 4in the charge. The scaled arrivel data derived
from measurements made by the U.3. on all four shots ia presented in
Table XVI, Those values plus ell Canadlen, United Kingdom and U.S.
arrival time measurements from other shots were scaled, and an arrival
“ime versus scaled distance curve was calculated, using the equa.tion.6
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where A = scaled distance (D/wl/B)
T = tas scaled arrival time
c = constants determined from equation

1,2,3,k

The arrival values versus scaled distances from .2)X to 2)
established from this equation are listed in Tsble XVII. Values out to
10A have been plotted in Figure 17 and & smooth curve drawn through the
points. For comparison the date used to establish the curve have also
been plotted to show the validity of the curve. This equation was used
primarily to establish reliable peak overpressure values in the high
overpressure region.

From Equstion (4) an arrival time versus distance relation was
found and by integration the velocity of the shock front was determined.
Scaled distance, arrival time and velocity of the shock front are pre-
sented in Taeble XVII. The Mach velocity of the shock front was
determined from a computer program but is not listed in Table XVII.
From the Mach velue it is posslble to obtain the peak overpressure from
Equation (2) or from tebles presented in Reference 7. The tables
lieting Mach velues versus pressure from Reference T were stored in the
computer, and from this a tabulation of pesk overpressure versus A was
obtained. These values are listed in Teble XVII for values of A from
0.20 to 2,0, We believe that from Reference 1, values of peak overpressure
at A's greater than 1.8 are valid but a modification of the curve in
Reference 1 should be made at A'c less than 1.8, The modified portion
of thv curve plus the estsblished curve is ;resented in Figure 18.

SUMMARY AND CONCLUSIONS
The scaled velues of peak overpressure, arrlval time, positive
duration, positive impulse and shock front velocity versus scaled
distance (A) are presented in Table XVIII, The values of the velocity
of the shock front ae determined in the Appendix are listed in Table Al.
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200
250
300
30
400
450
500
550
600
650
700
750
6800
850

950
100
125
150
178
200

Pt Pt b b s

PEAK OVERPRESSURE

AP
8

63517370
55987611
46237775
38971453
33409437
27043789
25526425
226371763
20219804
18175224
16448920
164966832
13676542
12554663
11571693
10704254
99350823
71171089
53343435
41257387
32591507
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TABLE XVII
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t
as

9536581 7-02
11989246-01
14697305-01
17654940-01
20856914~01
24298537-01
27975316-01
31883296-01
36018838-01
40378668-01
44959809-01
49759597-01
547715631~-01
6000575%-01
65448129-01
71101102-01
76963158-01
10937417

14690535

18956676

23744857

CALCULATIONS

U

21520957
19366175
17644526
16230252
15048188
14045359
13182109
12430590
11769658
11183287
10658955
10186852
97590934
93692690
90123153
86839577
83804392
71475546
62363142
55247952
49466298
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scaled distance and presented in Figure 18. The figure may be used as a
quick reference for determining the scaled values of the various param-

eters versus scaled distance as well as their relation to each cther,

The accuracy of the curves in relation to the data has been
emphasized earlier in this report, but the user is again reminded that
the trend noted in the positive duration should be given consideration
when predicting the duration to be expected from small yields. The
difficulty in recording duration, plus the apparent trend as a function
of yield makes the tabulations and associated curve the least accurate

of the blast parameters reported here.

The impulse wvalues listed in 'fable XVIII and the curve presented
in Figure 18 are believed to be reasonably accurate in the region greater
than 3A because of the large number of data used. The region less than
32 may be somewhat questionable because of the scarcity of data in the
higher pressure region.

The arrival time wvalues listed in Table XVIII are taken from two
sources. (1) The values established from Equstion (L) and plotted to
10X in Figure 17 show good visual agreement with the data points. The
equation did not glve valid results at A's greater than 6A, (That is
the peak overpressure calculated from the velocity determinations begsan
to fall lower than the establighed curve and became negative at 50),)
(2) e velues of A greater than four, the arrival times were calculated
from the peak overpressure versus A determinations as explained in the
Appendix. The arrival time values determined by this method show excellent
agreement with the curves presented in Figures 16 and 18. For determining
arrival times at less than Ui, it is recommended that the curve in
Figure 17 be used. For arrival times at greater than L), the curve in
Figure 18 is recommended. The values in Teble XVIII may be used through-
out the complete range; the same information is contained in Table A.l
of the Appendix. The arrival time curve in Figure 18 is the same as the
composite curve established in Figure 16.
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TABLE XVIII

BLAST PARAMETERS VERBUS SCALED DISTANCE

A 0P b U 6, I,
rr/185Y/ 3 pSI wsec/LEs 3 Fo/MSEC  MSEC/1BSY 3 ps1-msEc/Lsst/3

2000 6952 4 9537-02 21518 2
2500 5599 4 1199-01 19366 2
3000 4624 4 1470-01 17645 2
3500 3897 4 1765-01 16230 2
4000 3341 4 2086-01 15048 2
4500 2904 4 2430-01 14046 2 197
5000 2553 4  2797-01 13182 2 189 422 2
5500 2264 & 3188-01 12431 2 183 363 2
6000 2022 4 3602-01 11770 2 178 321 2
6500 1818 4  4038-01 11183 2 174 290 2
7000 1645 &  4496~01 10659 2 171 267 2
7500 1497 4  4976-01 10187 2 170 248 2
8000 1368 4 5477-01 97591 1 170 233 2
8500 1255 4  6000-01 93692 1 171 223 2
9000 1157 4  6544-01 90123 1 172 214 2
9500 1070 4 7110-01 86840 1 174 207 2
1000 1 9935 3 769601 83805 1 178 200 2
1100 1 8602 3 8930-01 78304 1 190 193 2
1200 1 7544 3 1025 73561 1 208 189 2
1300 1 6678 3 1165 69395 1 230 185 2
1400 1 5923 3 1313 65621 1 256 184 2
1500 1 5334 3 1469 62363 | 288 186 2
1600 1 4782 3 1633 59277 1 126 189 2
1700 1 4322 3 1806 56511 i 378 192 2
1800 1 1919 13 1987 53941 1 430 200 2
1300 1 3540 3 2178 51442 1 510 210 2
2000 1 3207 3 2377 49096 1 605 224 2
2200 1 2630 3 2804 44791 1 865 241 2
26400 1 2180 3 13270 41096 1 118 1 265 2
2600 1 183¢ 3 3777 37982 1 143 1 263 2
2800 1 1558 3 4323 35307 1 159 1 251 2
3000 1 1337 3 4909 32993 | 166 1 239 2
3250 1 1117 3 5698 30509 1 170 1 224 2
3500 1 9438 2 6548 28407 1 170 1 211 2
3750 1 8064 2 7457 26614 1 167 1 198 2
4000 1 6958 2 6426 25073 1 161 1 185 2
4500 1 5316 2 1053 1 22608 1 158 1 166 2
5000 1 4184 2 12864 1 20700 1 157 1 151 2
5500 1 3376 2 1535 1 19236 1 161 1 128 2
6000 1 2782 2 1803 1 1807¢ 1 170 1 128 2
6500 1 233¢ 2 2087 1 17154 | 183 1 119 2
7000 1 1989 2 2385 1 16409 1 201 1 11 2
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TABLi ¥VIIT (ventd)

BLAST PARAMBTERS VERSUS SCALED DISTANCE

D
A A‘S tas u t+S IS

r1/Lest/ 3 PST msec/Lest/3  Fr/mskc usee/test/ 3 psTaMspc/Lesl/>
7500 1 1718 2 2696 1 15792 1 216 1 104 2
8000 1 1501 ¢ 3018 1 15290 1 229 1 985 1
A500 | 1123 2 3349 1 14861 1 239 1 935 1
9000 1 1182 2 1690 1 14506 1 248 1 890 1
9500 1 1059 2 4037 1 14199 1 . 256 1 845 1
1600 2 9615 1 4393 1 13949 1 262 1 810 1
1100 2 8029 1 5121 1 13527 1 273 1 745 1
1200 2 682 1 5868 1 13201 1 283 1 685 1
1300 2 5920 1 6632 1 12950 1 293 1 645 1
1400 2 5186 1 7408 1 12762 1 101 1 600 1
1500 2 4665 1 8l9s 1 12589 1 309 1 565 1
1600 2 4177 1 B99S 1 12468 1 118 1 535 1
1700 2 3797 1 9801 1 12338 1 323 | 500 1
1800 2 3488 1 1061 2 12247 1 3131 1 417 )
1500 2 3208 1 1163 2 12163 1 337 1 452 1
2000 2 2984 1 1226 2 12093 1 342 1 430 1
2200 2 2596 | 1392 2 11975 1 3152 | 3192 |
2400 2 2299 1 1560 2 11885 1 3664 1 362 1
2600 2 2061 1 1728 2 11813 1 372 1 336 1
2500 2 1867 1 1898 2 11755 1 38l 1 312 1
30600 2 1706 1 2069 2 11706 1 390 | 293 1
3250 2 1537 1 2283 2 11654 1 199 | 271 1
3500 2 1397 1 2498 2 11610 1 408 1 251 1
3750 2 1279 1 2713 2 11572 1 418 1 237 1
4000 2 1178 1 2930 2 11540 | 424 1 221 1
4500 2 1015 1 3364 2 11488 1 440 1 198 1
5000 2 8876 3800 2 11447 | 455 | 179 1
5500 2 7857 4237 2 11415 1 466 1 163 1
6000 2 7023 4676 2 11288 1 478 1 149 1
6500 2 6328 5115 2 11366 1 487 1 138 1
7000 2 5742 5556 2 11367 1 498 1 128 1
7500 2 5222 5997 2 11331 1 508 1 120 1
8000 2 4769 6438 2 11316 1 518 1 112 1
9500 2 40641 7323 2 11293 1 533 1 945
1000 3 3484 8209 2 11275 1 545 1 895
1100 3 3047 9096 2 11261 1 560 1 805
1200 3 2692 9985 2 11250 1 575 1 735
1300 3 2405 1087 3 11261 1 585 1 675
1400 3 2162 1176 3 11233 1 595 1 625
1500 3 1970 1265 3 11227 1 605 1 585
1600 3 1793 1355 3 11221 1 615 1 545
1700 3 1647 1444 3 11217 1 625 1 507
1800 3 1523 1533 3 11213 1 633 1 480
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TABLE XVIIL (Contd)

BLAST PARAMETERS VERSUS SCALED DISTANCE

A 0P, t U ty 1
po/1agl/3 PSI veEc/1esl’/3  Fr/usEc wsec/test/3  pst-wsec/Lesl/3
1900 3 1409 1622 3 11209 1 64l 1 451
2000 3 1314 1711 3 11206 1 648 1 425
2200 3 1148 1890 12 11201 1 660 1 183
2400 3 1016 2068 3 11196 1 673 1 35]
2600 3 9079-01 2247 3 11193 1 685 1 321
2800 3 8188-01 26426 3 11190 1 697 1 298
3000 3 7430-01 2604 13 11188 1 708 1 275
3250 3 6640-01 2828 3 11185 1 712 1 252
3500 3 5980-01 3051 3 11183 1 735 1 233
3750 3 5430~01 3275 3 11181 1 762 1 217 .
4000 3  4960-01 3499 3 11180 1 155 | 201 i
4500 3  4200-01 3946 3 11177 1 172 1 178 ¢
5000 3 3620-01 4393 3 11176 1 788 1 ;
5500 3 3170-01 4841 2 11174 1 803 1 :
6000 3 2600-~01 5288 3 11173 1 819 1 ;
6500 3 2500-01 5736 3 11172 1 ;
7000 3 2260-01 6183 13 11171 ) :
7500 3 2050~01 6631 3 117 ) '
8000 3 1870-01 7079 3 11170 1 ;
9000 3 1580~01 7974 3 11169 1 i
1000 4 1370-01 8869 3 11168 1 ;
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The peak overpressurc values listed in Table XVIII contain the same
values established in Reference 1 for M'c greater than 1.8), At less
than 1.8), the peak overpressures were determined from the arrival time
measurements. These values are plotted in Figure 18 and are believed
to be quite accurate. The peak overpressures listed in Table XVIII were
used in the Appendix for calculating the arrival time,

The fifth parameter of general interest is the velocity of the
shock front. Values of shock velocity are listed in Tahle XVIIT as a
function of A and were determined in the same way as arrival time. The
values from Table XVIII arc ,lotted in Figure 18 and are consistent with
both the peak overpressure and arrival time values.

After & thorough snalysis of the avallable data 1t is quite apparent
that information about the duration, impulse and wave shape 1s lacking
for the high overpressure region. This of course implies the need for ;
mere measurements of preesure-time with improved instrumentation rather f
than arrival time measurements. There is alsc a need for a gage more :
sensitive to a negative pressure than a positive pressure for determin=-
ing both ithe positive and negative durations in the high overpressure
region.
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+PPENDIX A

INTERNAT, CONSTSTENCY OF THR ARRTVAT, TTME AN PRAK OVFRPRRGIIIRE

The shock front velocity of a blast wave is related to the peak
overpressure by the Rankine-Hugoniot relationship. Since the velocity
of the shock front is equal to the inverse of the derivatlon of the
arrival time curve

1/dt

U= ar/at, = (53 2y (A1)

we can derive the overpressure curve theoretically from the arrival time
curve. Employing this procedure it is also possible to test the internal
congistency of the experimentally derlved curves by comparing them with
those derived theoretically.

It has been found that very small variations in arrival time measure-
ments can have extremely adverse effects on the apparent velocity of
the shock front and in turn this a«ffects the derived pesk overpressure.
Therefore, to test the internsl consistency of the curve, it was decided
to derive a theoretinal arrival time curve based on the experimental

pesk overpressure curve,

In the analysis of the arrival time date it was found thet from
Equation (4) a good starting point was at distance »f Ao equal to 0.20
ft/]bl/3, vhere the scaled arrival time tas is 0.00953658 ms/lbl/3. The f
arrival time at any point A, beyond Ao = 0,20 is given by ?

A
t = 0,00953658 + i dt
a8 o=0,20 28
A dt
= 0.00953658 + j; (—3§5) ar (A2)
o = 0.20
A
= 0,00953658 + j‘ (%) a ,
A0 = 0.20
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where U equals shock front velocity in ft/ms, tnq equals scaled arrival
time in ms/lb“J

f‘t/lbl/3.

s, and A equsals scaled distance from ground zero in

The integration was achieved by using the peak overpressure versus
scaled distance listed in Table XVIII. Values of scaled horizontal
distances were selected as listed with the corresponding pesk over-
pressure. The appropriate value of shock front velocity in Mach units
was then selected from the pressure versus Mach values presented in
Reference 7. Equation A2 was programmed for the computer and the
calculated arrival times are listed in Table A-1, with the peak over-

Pressure, Mach number, velocity, and arrival time.

The curve presenting scaled arrival time versus distance in
Figure 18 was obtalned from measured values as listed in Table XVI. The
values in Table XVI and Table A-1 are different by less than one percent
over most of the range, but in trying to use the measured values in the
various curve fitting techniques, a lower pesk overpressure curve was
calculated at the greater distances. In fact the peak overpressure

curve calculated showed negative values at A greater than 100. Therefore,

the values listed in Table XVIII and A-l are recommended for use because

they are consistent with a well established pesk overpressure curve,
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ARRIVAL TIME CALCULATIONS
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